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I PREFACE 

In this report the process of my graduation project “Investigating the performance and α-opic  

compatibility of the LightLog photometer” is presented. This is the last research project before 

finishing the master “Architecture Building and Planning” with specialization “Building Physics and 

Services”. The graduation project is done in the chair of “Building Lighting” and is supervised by Ir. 

M.P.J. Aarts, Prof. Dr. -Ing. A.L.P. Rosemann and Ir. J. van Duijnhoven. 

I would like to thank Mariëlle Aarts for guiding me through my graduation process as a mentor and 

Juliëtte van Duijnhoven for supporting me in determining the f-indices and for functioning as a general 

advisor. I would like to thank Alexander Rosemann for the critical feedback and useful comments. 

Also Martin Boschman for sharing the source code, other detailed information of the LightLog and 

viable discussions. And lastly Wout van Bommel and Harrie Smulders for their practical assistance in 

the lab while preparing and executing the measurements. 
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II ABSTRACT 

It is well established that light is of influence on the human body, for example on the circadian rhythm. 

Light exposure can improve alertness and concentration, but also can keep you up at night and cause 

sleeping disorders. This could be caused by light suppressing the melatonin production due to light 

perception by the intrinsically photoreceptive ganglion cell (ipRGC). This photoreceptor acts 

alongside the known visual system of rods and cones and does not share the same spectral responsivity. 

This causes troubles in measuring light of these so called non-image-forming effects as photopic based 

photometers are insufficient. Moreover, experts have not yet been able to come to a consensus for a 

standard procedure of measuring. The Commission Internationale de l'Éclairage (CIE) advises to 

measure the irradiance of the five photoreceptors. This can be done by using a spectrophotometer but 

such a device is nowhere near wearable nor is it financially feasible to use them in large quantities. 

Therefore the performance of the low-priced, wearable and customizable open source LightLog 

photometer is investigated. This is done using performance indicators designed for photometers.  The 

researched  performance indicators are: general spectral mismatch, directional response, linearity and 

temperature dependence. In addition the possibility of measuring light that has non-image-forming 

effects with the LightLog is reviewed. 

Results show that the LightLog demands a light source specific calibration. In addition it is proven 

that also calibrating each LightLog independently significantly increases the performance. By doing 

so the general 𝑉(𝜆) mismatch can be reduced from 64.2% to 12.2%. Nonetheless it will still be 

classified as Class D. It is possible to use an universal calibration but greater inaccuracies have to be 

expected. The LightLog also shows to have great inaccuracies regarding the directional response and 

linearity (Class D) whereas the temperature dependence is Class B. 

As far the optimization goes it is possible to modify the LightLog in such a way that it measures the 

α-opic irradiances. The classification of the general spectral mismatch with these α-opic functions are 

similar to the general 𝑉(𝜆) mismatch (Class D), except for melanopic (Class C). It might be feasible 

to research the implementation of other sensors that fit the α-opic curves better. Besides the 

performance the LightLog has also a few other issues regarding usability. For example the timestamp 

is not always correct and the calibration process is far from user friendly. 

In conclusion the LightLog shows to have performance issues which can be anticipated on, to an extent, 

by calibrating for both light source and individual LightLog. A measurement protocol is provided. On 

the other hand the LightLog is low-priced, wearable and customizable and can be used for multiple 

purposes. Perhaps not ideally for measuring precise absolute values but rather for measuring trends in 

lighting exposure throughout the day for example. 

Keywords: LightLog, photometer, spectral responsivity, melanopsin, circadian rhythm 
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III NOMENCLATURE 

a. Definitions 

α-opic  Luminous efficiency of the photoreceptors in the human eye (CIE, 2015) 

PICO A technique to formulate questions and the answers. The PICO acronym stands for 

problem (P), intervention (I), context (C) and outcome (O) (Richardson et al., 1995) 

b. Abbreviations 

BPS  Building Physics and Services 

CIE  Commission Internationale de l'Éclairage (Commission on Illumination) 

GUI  Graphical user interface 

HID  High intensity discharge 

HPS  High pressure sodium 

HTI  Human Technology Interaction 

ICONDA International Construction Database 

LED  Light emitting diode 

LL  LightLog 

NIF  Non-image-forming 

RGBC  Red, green, blue, clear sensor areas 

ipRGC Intrinsically photoreceptive retinal ganglion cell (Berson et al. 2002; Hattar et al., 2002) 

SCN  Suprachiasmatic nucleus (CIE, 2015) 

SPD  Spectral power distribution (a.k.a. spectral irradiance distribution) 
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c. Symbols 

CIE 𝑓1
′: 𝑉(𝜆) General 𝑉(𝜆) mismatch index (Price et al., 2017) 

𝑓1
′: 𝑁𝑠𝑐(𝜆) General spectral mismatch with the cyanopic function (Price et al., 2017) 

𝑓1
′: 𝑁𝑧(𝜆) General spectral mismatch with the melanopic function (Price et al., 2017) 

𝑓1
′: 𝑁𝑟(𝜆) General spectral mismatch with the rhodopic function (Price et al., 2017) 

𝑓1
′: 𝑁𝑚𝑐(𝜆) General spectral mismatch with the chloropic function (Price et al., 2017) 

𝑓1
′: 𝑁𝑙𝑐(𝜆) General spectral mismatch with the erythropic function (Price et al., 2017) 

d. Mathematical operators 

𝐶(𝜆)  Spectral luminous efficiency for the circadian system 

𝐸𝑒  Effective irradiance 

𝐸𝑒,𝛼  Effective irradiance of a opsin-based human photopigment 

𝐸𝑒𝑐  Effective circadian irradiance 

𝐸𝑣   Illuminance 

𝜖  Angle of incidence 

𝑆𝐴(𝜆)  Spectral distribution of the standard illuminant A 

𝑠𝑟𝑒𝑙(𝜆)  Spectral responsivity 

𝑠𝑟𝑒𝑙(𝜆)
∗   Normalized spectral responsivity 

𝑉(𝜆)  Spectral luminous efficiency for photopic vision 

𝑋  Illumination quantity 

𝑋𝑚𝑎𝑥  Maximum illumination quantity 

𝑌  Output signal 

𝑌(0,𝜑)  Reference signal value 

𝑌(𝜖,𝜑)  Signal value 

𝑌𝑚𝑎𝑥  Maximum output signal 
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𝑌(𝑇𝑥)  Output signal at temperature x 

φ  Azimuth angle 

e. SI units 

A  Electric current 

lux  Illuminance 

nm  Nanometre 

V  Voltage 

W  Power 

W/m²  Irradiance  
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1 | INTRODUCTION 

Circadian rhythmicity is a factor of all physiological, metabolic and behavioural systems and is 

influenced by the human eye. Examples of the influence of light on the retina are the constriction of 

the pupil, suppression of melatonin production, increase in heart rate and body temperature (Dijk & 

Archer, 2009; Lucas et al., 2014). This is not new, while light has had effect on physiological behaviour 

millennia ago, by for example providing the time of the day and indication of the season. According 

to Lucas et al. (2014), the relationship between circadian rhythm and light has been disrupted by the 

invention of electrical lighting. Berson et al. (2002) and Hattar et al. (2002) described a new 

photoreceptive system, after Provencio et al. (1998) discovered the light-sensitive photopigment 

melanopsin. The importance of melanopsin regarding the circadian and behavioural system and the 

photoreceptive sensitivity have been proven (Gamlin et al., 2007). The circadian system has a 

significant different action spectrum and therefore it has been established that using illuminance is not 

the correct way to measure non-visual responses due to a spectral mismatch (CIE, 2015). As a result, 

the Commission Internationale de l’Eclairage (CIE) hosted a workshop among experts related to the 

topic in 2013: The 1st International Workshop on Circadian and Neurophysiological Photometry. CIE, 

the International commission on illumination, is an internationally accepted source of information, 

guidelines and standards within the lighting technology. The CIE has stated that each photoreceptor 

has its own responsivity function, as displayed in Figure 1B. These functions are called α-opics and 

their specifics can be found in Figure 1. 

  

FIGURE 1: A) SCHEMATIC OVERVIEW OF THE RELEVANT CIRCUITRY IN THE RETINA OF THE HUMAN 

EYE. B) THE CONCEPTUALIZATION OF THE PROPOSED METHOD OF MEASURING LIGHT BY LUCAS ET 

AL., 2014. 
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Light can influence the human body in various ways. The CIE has determined that measuring spectral 

irradiance is sufficient for measuring light with non-image-forming (NIF) effects (CIE, 2015). Devices 

that can comply with this advice are spectrophotometers. It is, however, neither financially nor 

practically feasible to wear spectrophotometers in the field on a large scale. It is not possible to measure 

light that causes NIF effects with photometers that are biased towards the visual spectrum. This is due 

to the spectral mismatch between both spectral responsivities and depicted in Figure 2 (Khademagha 

et al., 2016). 

 

There are initiatives that aim to create a device which can measure and report light that is of influence 

on the circadian rhythm of a human. The Daysimeter (Bierman et al., 2005) for example is prototype 

instrument that should be worn on the forehead for characterizing optical radiation on the circadian 

system and developed as a personal light exposure and activity meter. Although it is acknowledged 

that it is not possible to model the circadian response to light with a simple additive action spectrum, 

an additive spectral response function was utilized with the idea that in the future it would be possible 

to post process the measured signals. An overall general spectral mismatch (𝑓1
′) of 3.8 and 5.4% is 

claimed based on two test prototypes (Bierman et al., 2005). A mismatch 2% is claimed for the 

photopic channel of the Daysimeter, with the exception of a 470nm LED with an error of 8% (Miller 

et al., 2010). The error of the spectral mismatch for the blue channel is not mentioned. Moreover post-

processing algorithms were used to approximate certain circadian light levels but until to date there is 

no consensus between experts on this particular matter. As it is a prototype the Daysimeter is not 

commercially available.  

After Gall et al. (2002) 

After Thapan et al. (2001) 

After Brainard et al. (2001) 

After Rea et al. (2012) 

V(λ) 

After Bailes et al., (2013) 

After Brainard et al. (2001) 

FIGURE 2: SPECTRAL SENSITIVITY CURVES OF V(λ) AND VARIOUS C(λ) (KHADEMAGHA ET AL., 2016) 
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A personally worn photometer that can be purchased commercially is the Philips Respironics 

Actiwatch Spectrum which has been researched by Price et al. (2012). The optical sensory performance 

is examined for 16 watches in the form of spectral response characteristics, directional response and 

spectrally weighted irradiance response. It is found that an open horizontal geometry produces lower 

directional (𝑓2) cosine response errors but has a greater variance between each individual watch as 

opposing to vertical orientation, due to the geometry of the sensor. The 𝑓2 error ranges from 25.3% to 

48.6% for the horizontal orientation, whereas vertically orientation has an error of 60.9 to 64.7%. 

The performance of several personally worn photometers have been researched by Aarts et al. (2017) 

and 4 out of 7 tested devices scored outside the performance 

indicator index on directional response. Outside the performance 

indicator index is classified as Class-D. Regarding the linearity 5 

out 7 scored Class-D and on temperature dependence 6 of the 7 

performed Class-A. The specifics of the devices are not disclosed. 

As far as photometers go the LightLog photometer (Figure 3) shows 

potential in the ability of being very customizable and open source. 

Moreover it is low-priced, wearable and available. 

In conclusion, both positive and negative effects of light on the 

human circadian rhythm have been researched. Light has an 

influence on the human circadian rhythm while it supresses melatonin production. The more blue 

wavelengths the light source emits, the greater the influence on the body. This is due to the sensitivity 

of the ipRGCs which is around 480nm. Some effects, such as improved alertness but also increased 

chance of breast cancer regarding (night)shift workers, are determined. Dimming the light is not a 

solution because as little as 1 lux can trigger the ipRGC response. Some devices are developed to battle 

these effects and block blue wavelengths in order to prevent melatonin suppression. There is no 

consensus on how exactly the light should be measured while it is not conform the established visual 

system. All of the equipment available is based on the 𝑉(𝜆) spectral distribution and therefore not 

adequate enough to be used. Furthermore, attempts to correct for this offset mathematically have not 

been accepted by researchers and experts. The CIE has therefore hosted a workshop for experts, which 

resulted in guidelines and advices that are of interest until there is consensus on a method. The 

measurement equipment should measure the spectral irradiance distribution for each of the 

photoreceptors instead of the 𝑉(𝜆). It also must be ensured that the study can be redone or verified by 

other researchers, meaning that every detail of the process should be included. 

  

FIGURE 3: THE LIGHTLOG 
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1.1 Problem description 

To date it is not possible to adequately measure light that is of influence on the human circadian system 

(CIE, 2015). This is due to a recently discovered photoreceptive system called ipRGC that shows a 

spectral mismatch with the known visual system (Berson et al., 2002; Hattar et al., 2002). The 

intrinsically photoreceptive retinal ganglion cells (ipRGCs) are most effective at a wavelength around 

480nm (Bailes & Lucas, 2013), whereas the human vision acts at 555nm. The known measurement of 

light is using photometers expressing the light for example in the unit of lux which uniquely depends 

on the human visual perception. This implies that the currently available photometers are not sufficient 

for measuring light that is of influence on the human body.  

1.2 Research motive 

Since the discovery of electric lighting by Edison in 1879 the circadian system is disrupted by the use 

of artificial lighting (Pauley, 2004). Today’s lamps have an important common aspect, as they all 

contain blue wavelengths which are very effective at reducing melatonin levels (Brainard et al., 2001; 

Brainard, 2004). Studies have shown that this evolution of light is of influence on non-visual systems 

such as the circadian rhythm. This is because the ipRGCs project to the suprachiasmatic nucleus (SCN) 

in which circadian rhythm systems are managed (CIE, 2015). The effects can be expressed in several 

ways, both positive and negative. There is no consensus on a general measurement method and 

therefore guidelines have been made available by the CIE. Determining the irradiance per 

photoreceptor is advised while it provides the possibility to post-process the measured data. This is, 

however, only achievable using spectrophotometers which are nowhere close to low-priced and 

wearable. Not coincidentally the LightLog photometer meets the criteria of being low-priced and 

wearable. Moreover the LightLog project is open source and therefore highly customizable. For these 

reasons it is interesting to determine the performance of the LightLog and investigate the possibility 

of measuring α-opic irradiance after modification. 

1.3 Research questions 

The main goal is: investigating the performance and the α-opic compatibility of the LightLog 

photometer. In pursuance of this goal a set of sub questions have been formulated which function as 

thread throughout the project: 

1. How is the performance of a photometer determined? 

2. What is the performance of the LightLog photometer? 

3. How does one improve the performance of the LightLog? 

4. What is necessary in order to optimize the LightLog towards α-opic compatibility? 
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1.4 Methods 

Several steps have been taken in order to approach and complete this research project in a structured 

and organised way. The project is initiated with a research proposal including a dynamic planning. 

Literature has been consulted once the proposal has been confirmed, to get familiar with the topic. The 

literature is sorted using the PICO approach. Thereafter a measurement plan is written which, in broad 

terms, satisfies the needs for achieving the main goal. The main body of the research are the actual 

measurements that are executed: determining the performance of the LightLog photometer using 

performance indicators. In addition an attempt will be made to modify the LightLog device in such a 

way that it is capable of measuring α-opic irradiance. This will be reported in a measurement protocol. 

Of course challenges are to be expected and which will be anticipated on at that very moment. 

Decisions that will be made are reported in a substantiated manner. To finalize the project all results 

are reported and conclusions are drawn. 

1.5 Outline 

The report consists of seven chapters, where chapter 2 describes the measurement methodology and 

chapter 3 the results and analysis. As a result of the measurements a protocol has been written and can 

be consulted in chapter 4. Chapter 5 is where the final conclusions are drawn and where 

recommendations for further research can be found. The report ends with a reference list containing 

literature, figures and tables (chapter 6) and appendices with supporting data (chapter 7). 
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2 | METHODOLOGY 

2.1 Literature 

Multiple databases and journals have been 

used to find publications related to the topic 

(Figure 4) in order to get familiar. First the 

general databases Science Direct and Google 

Scholar were consulted, thereafter the topic 

specific database ICONDA and the topic 

specific journal Lighting Research & 

Technology. Only English articles in the form 

of journals which were published after 1998 

were taken into account, the year in which 

melanopsin has been found. The search is 

conducted using terms (Table 1) assigned to 

the PICO categories: problem, intervention, context and outcome. This approach originates from 

evidence based medicine and provides a framework for literature reviews (Richardson et al., 1995). 

Due to difficulties with retrieving eligible hits using four search terms simultaneously the outcome has 

been neglected. The amount of eligible hits is 18 out of hundreds based on the search terms being 

present in the title. The search terms are affiliated with the CIE Technical Note 003:2015 (CIE, 2015) 

published by the CIE. This article can be regarded as the foundation of this research project as it 

describes the topics problem and motivation in detail. 

 

TABLE 1: PICO APPROACH SEARCH TERMS 

Category Problem Intervention Context Outcome 

Search terms ipRGC CIE circadian dosimeter 

 SPD photometer  

 

2.2 Measurements 

The LightLog photometer uses one optical sensor (TAOS TCS34725) with four sensor areas, as shown 

in Figure 5. Each area has a different filter: red, green or blue (RGB). They are coated with an IR 

blocking filter. The sensor simultaneously converts the amplified photodiode currents to a 16-bit 

digital value (Taos, 2016). The fourth sensor area does not have a filter and is not used (Boschman, 

2015). The raw output of the RGB sensors is used to estimate the tristimulus values 𝑋, 𝑌, 𝑍 (Smith & 

Guild, 1931) and the circadian irradiance (in W/m²). The tristimulus values are determined by Equation 

1 to Equation 3. In which 𝑋, 𝑌, 𝑍 are the tristimulus values of light with spectral distribution 𝐸𝑒(𝜆) 

General 
databases

• Science 
Direct

• Google 
Scholar

Topic-
specific 

databases
• ICONDA

Topic-
specific 
journals

• Lighting 
Research & 
Technology

FIGURE 4: CHRONICAL SEQUENCE SEARCH PROCESS 
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measured with the spectrometer. Constant 𝑘 is a scaling factor for non-luminous colours and �̅�, �̅�, 𝑧̅ are 

the spectral responsivity filters of the human standard observer. 𝑌 is defined as illuminance (𝐸𝑣) due 

to the stimulus function �̅� being similar to 𝑉(𝜆). 

EQUATION 1 

𝑋 = 𝑘 ∗ ∫ 𝐸𝑒(𝜆) ∗ �̅�(𝜆)𝑑𝜆

780

380

 

 

EQUATION 2 

𝐸𝑣 = 𝑌 = 𝑘 ∗ ∫ 𝐸𝑒(𝜆) ∗ �̅�(𝜆)𝑑𝜆

780

380

 

 

EQUATION 3 

𝑍 = 𝑘 ∗ ∫ 𝐸𝑒(𝜆) ∗ 𝑧̅(𝜆)𝑑𝜆

780

380

 

 

The effective circadian irradiance (𝐸𝑒𝑐) is defined by Equation 4. Where 𝐸𝑒(𝜆) is the measured spectral 

power distribution of the light source and 𝑐(𝜆) is the spectral responsivity of the human circadian 

system according to Gall et al. (2004). 

EQUATION 4 

𝐸𝑒𝑐 =  ∫ 𝐸𝑒(𝜆) ∗ 𝑐(𝜆)𝑑𝜆

580

380

 

The regression parameters are obtained using least squares fit from a calibration using a 

spectrophotometer and different light sources: a fluorescent tube, an incandescent bulb and indirect 

daylight. The timestamps can be derived by converting epoch to normal time (Boschman, 2015). In 

order to be able to determine the spectral mismatch with α-opic functions modifications have to be 

made in the source code. The most obvious way is to substituting the current circadian irradiance curve 
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with the α-opic functions separately. Measured 

data can be extracted using LightLogControl 

Version 2.0 for Windows 7 and Version 2.1 for 

Windows 10 according to installation instructions 

by Boschman (2015). 

Then, for determining the general spectral 

mismatch, a hereafter called LED set-up will be 

used. Ideally a monochromator is used which can 

create the entire spectrum in small wavelength 

bands. This device, however, is not available at 

the BPS lab. The LED set-up exists of an 

integrating sphere with a LED light source, a 

controller unit, a Raspberry Pi and a Matlab script 

(Appendix K). This LED light source exists of 12 

colours on a circuit board, each having 4 diodes 

and covering the entire visual spectrum and UV. The LEDs are controlled by a specifically designed 

Matlab script (Xu, 2016). This script determines the spectral responsivity of a photometer using the 

regularized broadband filter method (Rastello et al., 1996). Specifications of the used equipment can 

be found in Appendix A. 

2.3 Performance indicators 

To quantify the quality and performance of a photometer a set of quality indices is used. These quality 

indices (Equation 5 to Equation 11) are described in detail in the ISO/CIE 19476:2014 standard 

(ISO/CIE, 2014) and the performance indicators are provided in the DIN 5032 standard (DIN, 2016) 

and shown in Table 2. An additional class D is described to characterize the devices which cannot be 

allocated to the initial classes (Aarts et al., 2017). The quality indices that are researched are displayed 

in bold. 

TABLE 2: PERFORMANCE INDICATORS ACCORDING TO THE DIN 5032 STANDARD (DIN, 2016) 

Quality index / 

characterization 

Symbol Class L Class A Class B Class C Class D 

Initial Adjustment fadj 1,0% 1,5% 3,0% 5,0% >5,0% 

General 𝑽(𝝀) Mismatch f1’ 1,5% 3,0% 6,0% 9,0% >9,0% 

UV Response fUV 0,2% 1,0% 2,0% 4,0% >4,0% 

IR Response fIR 0,2% 1,0% 2,0% 4,0% >4,0% 

Directional Response f2 - 1,5% 3,0% 6,0% >6,0% 

Linearity f3 0,2% 1,0% 2,0% 5,0% >5,0% 

FIGURE 5: RELATIVE RESPONSIVITY OF THE TAOS 

TCS34725 SENSOR (TAOS, 2016) 
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Display Unit f4 0,2% 3% 4,5% 7,5% >7,5% 

Fatigue f5 0,1% 0,5% 1,0% 2,0% >2,0% 

Temperature 

Dependence 

f6,T 0,2% 2,0% 10,0% 20,0% >20,0% 

Modulated Light f7 0,1% 0,2% 0,5% 1,0% >1,0% 

Range Change f11 0,1% 0,5% 1,0% 2,0% >2,0% 

 

Each of these indices has its equations and method of measuring. In this research the 𝑓2,  𝑓3 and 𝑓6,𝑇 

indices are determined using the measurement protocol of Aarts et al. (2017), increasing the sample 

size and dataset for the LightLog. For the 𝑓2 index the sun-simulator is used, for the 𝑓3 index the 

darkroom and for the 𝑓6,𝑇 index the Weiss climate room. The indices are expressed with Equation 5 to 

Equation 11. 

 

In Equation 5 the normalized responsivity function 𝑠𝑟𝑒𝑙(𝜆)
∗  is calculated in order to determine the 

general 𝑉(𝜆) mismatch index 𝑓1
′ in Equation 6. 

 

EQUATION 5 

𝑠𝑟𝑒𝑙(𝜆)
∗ = 𝑠𝑟𝑒𝑙(𝜆) ∗

∫ 𝑆𝐴(𝜆) ∗ 𝑉(𝜆) 𝑑𝜆
780𝑛𝑚

380𝑛𝑚

∫ 𝑆𝐴(𝜆)
780𝑛𝑚

380𝑛𝑚
∗ 𝑠𝑟𝑒𝑙(𝜆) 𝑑𝜆

 

In which 𝑠𝑟𝑒𝑙(𝜆) is the spectral responsivity, 𝑆𝐴(𝜆) the spectral distribution of the standard illuminant 

A and 𝑉(𝜆) the spectral luminous efficiency function for photopic vision. The 𝑉(𝜆) can be substituted 

for any given spectral function of which a mismatch performance is desired. The spectral distribution 

of the standard illuminant can be substituted according to the used light source. 

 

EQUATION 6 

𝑓1
′ =

∫ |𝑠𝑟𝑒𝑙(𝜆)
∗ − 𝑉(𝜆)| 𝑑𝜆

780𝑛𝑚

380𝑛𝑚

∫ 𝑉(𝜆) 𝑑𝜆
780𝑛𝑚

380𝑛𝑚

 

 

It has been decided that the 𝑓1
′ proves to be more useful as the specific spectral mismatch 𝑓1 is less 

suited for a general description of performance of a photometer (DIN, 2016).  

The deviation in directional response 𝑓2, also called cosine mismatch, for a photometer measuring 

planar illuminances is described by Equation 7. In which the signal value 𝑌(𝜖,𝜑) is compared to the 

reference signal value 𝑌(0,𝜑) for a given angle of incidence ε and azimuth angle φ. 
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EQUATION 7 

𝑓2(ϵ,φ) =
𝑌(𝜖,𝜑)

𝑌(0,𝜑) ∗ cos (𝜖)
− 1 

 

The 𝑓2 index is calculated with Equation 8 due to the influence of cos (𝜖) on the measurement values 

and the possibility of results being influenced by the azimuth angle φ (Aarts et al, 2017). Ideally a 

cosine response should be a perfect cosine function. 

 

EQUATION 8 

𝑓2(𝜑) = ∫ |𝑓2(𝜖,𝜑)| ∗ sin(2𝜖)  𝑑𝜖
80°

0°

 

 

The proportionality of a photometer is given by Equation 9 and is used to characterize the linearity 

deviation 𝑓3 with Equation 10, in which 𝑌 is the output signal of the photometer due to illumination 

with quantity 𝑋. 𝑋𝑚𝑎𝑥 represents the input value corresponding to 𝑌𝑚𝑎𝑥, the maximum output signal, 

i.e. the largest value of the measurement range. 

 

EQUATION 9 

𝑓3(𝑌) = |
𝑌

𝑌𝑚𝑎𝑥
∗

𝑋𝑚𝑎𝑥

𝑋
− 1| 

 

The 𝑓3 corresponds to the largest value of the 𝑓3(𝑌) measurement range as described by Equation 10. 

 

EQUATION 10 

𝑓3 = max [𝑓3(𝑌)] 

 

Equation 11 characterizes the temperature dependence of a photometer, where 𝑌(𝑇𝑥) represents the 

output signal at a certain temperature.  The values are predetermined: 𝑇0=25°C, 𝑇1=5°C, 𝑇2=40°C 

and ∆𝑇=10°C. 
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EQUATION 11 

𝑓6,𝑇 = |
𝑌(𝑇2) − 𝑌(𝑇1)

𝑌(𝑇0)
∗

∆𝑇

𝑇2 − 𝑇1
| 

 

2.4 LightLog optimization 

The LightLog photometer can be calibrated by determining regression parameters for one or more light 

sources. It is expected that also each LightLog devices has to be calibrated independently. This is done 

using the calibration program “LightLogCalibrate” (Boschman, 2015) which relates spectral 

measurement data of a spectrophotometer to the raw RGB data of the LightLog for a given light source. 

This results in linear least squares fit polynomial regression functions as shown in Equation 12 to 

Equation 15 (Boschman, 2015). One for each of the tristimuli and one for the effective irradiance.  

 

EQUATION 12 

�̂� =  𝛼𝑋𝑅 ∗ 𝑅 +  𝛼𝑋𝐺 ∗ 𝐺 +  𝛼𝑋𝐵 ∗ 𝐵 +  𝛼𝑋𝐶 ∗ 𝐶 

 

EQUATION 13 

𝐸�̂� = �̂� =  𝛼𝑌𝑅 ∗ 𝑅 +  𝛼𝑌𝐺 ∗ 𝐺 +  𝛼𝑌𝐵 ∗ 𝐵 +  𝛼𝑌𝐶 ∗ 𝐶 

 

EQUATION 14 

�̂� =  𝛼𝑍𝑅 ∗ 𝑅 +  𝛼𝑍𝐺 ∗ 𝐺 +  𝛼𝑍𝐵 ∗ 𝐵 +  𝛼𝑍𝐶 ∗ 𝐶 

 

EQUATION 15 

𝐸𝑒�̂� =  𝛼𝑐𝑅 ∗ 𝑅 + 𝛼𝑐𝐺 ∗ 𝐺 +  𝛼𝑐𝐵 ∗ 𝐵 +  𝛼𝑐𝐶 ∗ 𝐶 

 

In these equations 𝑅, 𝐺, 𝐵 𝑎𝑛𝑑 𝐶 are the sensor areas, 𝛼𝑥𝑥 the regression parameters and �̂�, �̂� and �̂� 

the resulting tristimuli. Again �̂� is equivalent to the illuminance 𝐸�̂� in lux. 𝐸𝑒�̂� is effective circadian 

irradiance in W/m². 
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In order to be able to measure effective α-opic irradiances (𝐸𝑒,𝛼) with the LightLog it is the most 

obvious to substitute the existing circadian function 𝑐(𝜆) from Equation 4 with the α-opic action 

spectra from Appendix E: erythropic (𝑠𝑙𝑐(𝜆)), chloropic (𝑠𝑚𝑐(𝜆)), rhodopic (𝑠𝑟(𝜆)), melanopic (𝑠𝑧(𝜆)) 

and cyanopic (𝑠𝑠𝑐(𝜆)) (CIE, 2015). Consequently the range increases from 380-580nm to 380-780nm. 

This would give the following α-opic biased equations in which 𝐸𝑒,𝜆(𝜆) is, again, the spectral power 

distribution of the light source: 

 

EQUATION 16 

𝐸𝑒,𝑙𝑐 =  ∫ 𝐸𝑒,𝜆(𝜆) ∗ 𝑠𝑙𝑐(𝜆)𝑑𝜆

780

380

 

 

EQUATION 17 

𝐸𝑒,𝑚𝑐 =  ∫ 𝐸𝑒,𝜆(𝜆) ∗ 𝑠𝑚𝑐(𝜆)𝑑𝜆

780

380

 

 

EQUATION 18 

𝐸𝑒,𝑟 =  ∫ 𝐸𝑒,𝜆(𝜆) ∗ 𝑠𝑟(𝜆)𝑑𝜆

780

380

 

 

EQUATION 19 

𝐸𝑒,𝑧 =  ∫ 𝐸𝑒,𝜆(𝜆) ∗ 𝑠𝑧(𝜆)𝑑𝜆

780

380

 

 

EQUATION 20 

𝐸𝑒,𝑠𝑐 =  ∫ 𝐸𝑒,𝜆(𝜆) ∗ 𝑠𝑠𝑐(𝜆)𝑑𝜆

780

380
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Consequently the Matlab script of the LED set-up has to be modified too. This is expressed by 

modifying Equation 5 and Equation 6. The spectral mismatches of the α-opics will be determined using 

equation 21 and 22. 

 
EQUATION 21 

𝑠𝑟𝑒𝑙,𝛼(𝜆)
∗ = 𝑠𝑟𝑒𝑙(𝜆) ∗

∫ 𝑆𝐴(𝜆) ∗ 𝑠𝛼(𝜆) 𝑑𝜆
780𝑛𝑚

380𝑛𝑚

∫ 𝑆𝐴(𝜆)
780𝑛𝑚

380𝑛𝑚
∗ 𝑠𝑟𝑒𝑙(𝜆) 𝑑𝜆

 

 

EQUATION 22 

𝑓1,𝛼
′ =

∫ |𝑠𝑟𝑒𝑙,𝛼(𝜆)
∗ − 𝑠𝛼(𝜆)| 𝑑𝜆

780𝑛𝑚

380𝑛𝑚

∫ 𝑠𝛼(𝜆) 𝑑𝜆
780𝑛𝑚

380𝑛𝑚

 

 

In which 𝑠𝑟𝑒𝑙(𝜆) is the spectral responsivity, 𝑆𝐴(𝜆) the spectral distribution of the standard illuminant 

A and 𝑠𝛼(𝜆) the SI-compliant spectral efficiency of the photoreceptors. Ergo, 𝑠𝑟𝑒𝑙,𝛼(𝜆)
∗  and 𝑓1,𝛼

′  are 

hereafter biased towards these functions. 
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3 | RESULTS & ANALYSIS 

3.1 Measurements 

Performing measurements with a spectrometer and the LED set-up over a period of 300 seconds show 

a change in illuminance for several of the coloured LEDs. In specific the Amber (51,3% decrease), 

Red (26,8% decrease) and the Cherry Red (23,7% decrease) display this excessively (Figure 6). 

The same measurements also indicate a shift in wavelength (Appendix B) for the mentioned LEDs. 

The foremost reason for these anomalies could be the use of improper electrical input valuables. 

Because the LEDs manufacturer specifications (Appendix A) suggest different values for each colour 

individually the influence of the electrical input parameters has been measured. Figure 7 shows the 

effect of changing the input voltage with a current of 0.7A for the Amber LEDs. The blue curve 

overlays the green and orange 

curves exactly. Other examples 

can be found in Appendix C. All of 

the LEDs stabilize after a period of 

300 seconds.  

  

FIGURE 7: EFFECT OF ALTERING 

INPUT VOLTAGES ON ILLUMINANCE 

OUTPUT OVER A PERIOD OF 300 

SECONDS FOR THE AMBER LEDS 

FIGURE 6: ILLUMINANCE MEASUREMENT OVER A PERIOD OF 300 SECONDS USING THE LED SET-UP 
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Since this issue has been resolved, it is interesting to review what the performance of the LightLogs is 

in contrast with the Hagner E4-X in terms of absolute illuminance output. The calibrated Hagner 

measures the illuminance with a maximum of ±3% tolerance.  

In Table 3 the results for three light sources are found: cold white LEDs (ProLight PM2B-3LWE-SD), 

warm white LEDs (ProLight PM2B-3LVE-R95) and incandescent (Philips Classictone 40w A6). 

TABLE 3: COMPARISON OF ILLUMINANCE OUTPUT BETWEEN HAGNERS AND LIGHTLOGS 

Device / light source Cold White (lx) Warm White (lx) Incandescent (lx) 

Hagner calibrated (ID0315) 927 1352 - 

Hagner non-calibrated (ID0316) 965 1341 2632 

LightLog 36 466 988 6241 

LightLog 71 597 597 6856 

LightLog 72 506 1028 6020 

LightLog 77 420 837 5855 

LightLog 78 537 1046 6543 

LightLog 79 393 811 5641 

 

Large differences exist between all of the devices in terms of measured illuminance. The most notable 

is the deviations between the LightLogs themselves. The difference between lowest and highest 

measured values for the warm white LED is 29.6%, for the cold white LED 42.9% and for the 

incandescent light source 17.7%. Moreover the LightLogs seem to consequently underestimate the 

illuminance. In addition the difference in measured illuminance by the LightLogs in contrast to the 

Hagner when using an incandescent light source is conspicuous (260%). 

Additional measurements have 

been performed in order to provide 

more holistic data. To be specific: 

the influence of removing the cap 

(Figure 9) of the LightLog, the 

impact of performing a 

displacement by replacement and 

deviations between LightLogs 

themselves. Removing the cap 

results in an increase of 177% – 

243% in measured illuminance. 

The impact of replacing ranges 

from 1.6% – 5.2% and the 

deviation between LightLogs is 57% – 63%. This is displayed by Figure 8.  

FIGURE 8: INFLUENCE OF REMOVING THE LIGHTLOG CAP AND 

THE IMPACT OF REPLACEMENT 
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Replacement 1 resembles the LightLog without cap, whereas replacements #2 

to #6 are with cap. This is done by taking the LightLog out of the integrating 

sphere and placing it right back onto the mount again. The cold white LEDs are 

used to determine the influence. Absolute values can be found in Appendix D. 

TABLE 4: INFLUENCE OF CAP AND IMPACT OF REPLACEMENT LIGHTLOG 

Inaccuracy / Device LL36 LL71 LL72 LL77 LL78 LL79 

Cap [%] 230 204 177 240 217 243 

Replacing [%] 4.7 5.2 3.6 2.3 1.6 3.9 

 

 

3.2 Performance indicators 

To be able to classify the performance of the LightLog several errors have been determined according 

to the DIN 5032 standard. Table 5 shows the results and Figure 10 an overview of the measured error 

for each of the quality indices and for each of the LightLogs. The general spectral mismatch shows an 

error ranging from 61.3% – 64.2% (Class D) and the directional response 17.1% – 30.2% (Class D). 

The linearity displays an error ranging from 4.6% – 6.6% (Class C or D) with tubes and 5.0% – 6.8% 

(Class D) without tubes. Lastly the temperature dependence index shows an inaccuracy of 0.9% to 

2.7% (Class A or B). Due to availability not every LightLog is tested for each of the performance 

indicators. 

TABLE 5: PERFORMANCE LIGHTLOGS FOR EACH OF THE INDICATORS 

Device / Performance 

indicator 

f’1 

[%] 

Class f2 

[%] 

Class f3 (tubes) 

[%] 

Class f6 

[%] 

Class 

LightLog 04   19,5 D 6,8 (5,5) D (D) 1,2 A 

LightLog 28   23,5 D   1,1 A 

LightLog 36 61,3 D       

LightLog 50   23,8 D 5,0 (5,0) D (D)   

LightLog 71 64,2 D 23,1 D     

LightLog 72 61,3 D 30,2 D   2,7 B 

LightLog 73   22,0 D 6,0 (6,2) D (D)   

LightLog 75   20,6 D 6,2 (4,6) D (C) 0,9 A 

LightLog 77 61,8 D 22,9 D   2,5 B 

LightLog 78 61,1 D 24,7 D   2,0 A 

LightLog 79 61,7 D 17,1 D 6,3 (6,6) D (D)   

 

FIGURE 9: LIGHTLOG 

WITHOUT CAP 
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Although the performance of the LightLog considering the directional response is quite bad, there 

might be a more positive side to it. The device shows to be more precise when using it at certain angles 

that correspond to the Dutch (Eindhoven) sun position during the year. Most of the year the sun will 

rise above 30° azimuth. In the spring it is rises to 38.6°, during the summer up to 62.0° and in the 

autumn to 38.8°. In the winter however it does not rise above 15.2°. Plots of the equinox sun position 

can be found in Appendix F. When taking into account a sun elevation of  30° to 60° the error is 6.4% 

– 17.4%. A different scenario would be ceiling light. Assuming lighting under an elevation of 50° to 

90° the error is 5.3% – 12.8%. Appendix G contains a table with the error for each of the angles per 

LightLog.  

FIGURE 10: PERFORMANCE OF INDIVIDUAL LIGHTLOGS USING PHOTOMETER PERFORMANCE INDICES 
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3.3 LightLog optimization 

After calibrating the LightLog with a regression based on the light source, the mismatch is decreased 

from 61.3% to 16.6%. For both the mismatch is graphically displayed in Figure 11. The red function 

projects the true responsivity of the curve, exactly that what is wanted. The dotted blue function reflects 

the normalized spectral sensitivity on which the general spectral mismatch is based. Another blue 

function (solid) shows the measured spectral sensitivity with which the specific spectral mismatch (𝑓1) 

can be determined, but is not reviewed. For other LightLogs the increase has proven not to be as large, 

as depicted in Table 6.  

TABLE 6: SPECTRAL MISMATCH AFTER CALIBRATION FOR THE LIGHT SOURCE 

Index / Device LL36 LL71 LL72 LL77 LL78 LL79 

𝑓1
′ [%] 16.6 31.1 19.8 17.5 24.3 26.3 

 

This has led to the assumption that each LightLog should be calibrated independently while in this 

specific measurement sequence only LightLog #36 was calibrated. To confirm the assumption a 

regression has been determined for LightLog #71. The calibration of both the LightLog and the light 

source decreased the mismatch to 12.2%. Figure 12 shows the curves for each step: without calibration 

(64.2% top left), light source calibration (31.1% top right) and light source together with device 

calibration (12.2% bottom). It still is classified as Class D. 

FIGURE 11: SPECTRAL MISMATCH FOR A NON-CALIBRATED (LEFT) AND CALIBRATED (RIGHT) 

LIGHTLOG (#36) 
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In terms of absolute values a similar effect is observed. Original calibrations showed underestimations 

of 36% – 58% for the warm white and 23% - 40% for the cold white LEDs compared to the Hagner 

E4-X. After calibrating for both light sources the deviation has been decreased to 13% – 31% and 16% 

– 30% respectively. The calibration for LightLog #71 results in an additional increase of performance. 

Where the original LightLog #71 deviated 36% (warm white) and 34% (cold white) from the Hagner, 

the light source calibrated #71 deviates 13% and 18%. LightLog specific calibration reduces this to 

8% and 7% (Appendix H). 

The optimization of the LightLog regarding the α-opic Non-Visual Sensitivity Curves (Price et al., 

2017) is done by applying Equation 16 to Equation 20 and results in the spectral mismatches of Table 

7. Cyanopic (15.6%), rhodopic (12.1%) and chloropic (16.3%) show more or less the same spectral 

mismatch as the photopic (16.6%). The melanopic mismatch (4.5%) however, shows to be 

significantly lower whereas the erythropic (45.0%) is significantly higher. This is only done for  the 

calibrated LightLog #36. The spectral match of the LightLog sensor, LEDs of the set-up and the non-

visual sensitivity curves can be found in Appendix J. 

FIGURE 12: RESULTS OF SPECTRAL MISMATCH WITHOUT CALIBRATION (TOP LEFT), LIGHT SOURCE 

CALIBRATION (TOP RIGHT) AND LIGHT SOURCE TOGETHER WITH DEVICE CALIBRATION (BOTTOM) 
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TABLE 7: SPECTRAL MISMATCH FOR EACH OF THE NON-VISUAL SENSITIVITY CURVES 

Device / α-opic 𝑓1
′: 𝑁𝑠𝑐(𝜆) 

[%] 

𝑓1
′: 𝑁𝑧(𝜆) 

[%] 

𝑓1
′: 𝑁𝑟(𝜆) 

[%] 

𝑓1
′: 𝑁𝑚𝑐(𝜆) 

[%] 

𝑓1
′: 𝑁𝑙𝑐(𝜆) 

[%] 

LightLog #36 15.6 4.5 12.1 16.3 45.0 

 

During the determination of the spectral mismatches it is noticed that it is very important to use the 

measurement values as accurately as possible. Therefore it might be useful to convert the irradiance 

from W/m² to μW/cm². This makes it easier to give in precise values in the Matlab script. 

Due to melanopsin being the most related to NIF effects an additional measurement using LightLog 

#71 has been performed. This is to determine whether other LightLogs show the same spectral 

performance regarding this non-visual sensitivity curve. The 𝑓1
′: 𝑁𝑧(𝜆) of LightLog #71 is 8.7%.  
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4 | MEASUREMENT PROTOCOL 

4.1 Calibration 

Step 1 

The following equipment is required when determining the regression calibration of the light source 

and LightLog photometer: 

 - LightLog calibration program: LightLogCalibrate (Boschman, 2015) 

- Spectrophotometer: Specbos 1201 (calibrated 2010) 

- Photometer: LightLog 

- Light source 

Based on the results it is advised to calibrate for each light source and for each LightLog device 

independently. 

 

Step 2 

The spectrophotometer and LightLog photometer 

have to be simultaneously connected to the 

computer. It is possible that drivers have to be 

installed which can be found with the device 

specifications. Once the LightLogCalibrate is 

executed a GUI appears in which the regression 

can be determined (Figure 13).  

 

Step 3 

By browsing to an output folder new samples can 

be added. It is possible to add multiple samples to 

a regression by adding new samples repeatedly. 

In this research for example, 12 samples have 

been added, one for each LED (Figure 14).  

 

 

 

Step 4 

The button on the LightLog has to be pressed in order to start the measurement.  

FIGURE 13: GUI OF THE LIGHTLOG CALIBRATION 

FIGURE 14: EXAMPLE OF ADDED SAMPLES TO THE 

REGRESSION 



 Eindhoven University of Technology 

 

 

 24 | M.J.J. Willems – Thesis: Investigating the performance and the α-opic compatibility of the LightLog photometer 

 

Step 5 

As the desired collection of light sources has been added the regression matrix can be calculated and 

saved. A regression file with four rows is saved to the specified folder. Each row resembles a sensor 

area, e.g. row 1 is red, 2 is green, 3 is blue and 4 is clear.  

 

Step 6 

As the clear area is not used the data of the 4th row 

should be set to 0.0 (Figure 15). The entire file has 

to be renamed to “LLSpecRegression.par” and 

copied to “C:\ProgramData\LightLogControl\” 

(or similar) in order to work. 

4.2 Illuminance and irradiance 

Step 1 

The following equipment is required when measuring with the LightLog photometer: 

 - Calibration: regression file 

- LightLog control program: LightLogControl (Boschman, 2015) 

 - Photometer: LightLog 

 - Light source 

 

Step 2 

Once the calibration has performed 

measurements can start. By default the LightLog 

photometer measures the raw RGB values based 

on a time interval that has been set. These raw 

RGB values are converted to e.g. 𝐸𝑣 and 𝐸𝑒𝑐 using 

the LightLogControl GUI (Figure 16). Version 

2.0 for Windows 8 and earlier. Version 2.1 for 

Windows 10. Attach the LightLog device to the 

computer and execute the data transfer. The 

LightLogControl will translate the raw RGB 

values to the desired unit using the aforementioned methods from 2.2 Measurements. In order to 

execute one of the options the button of the LightLog has to be pressed. For more information consult 

the LightLogControl user manual (Boschman, 2015). 

FIGURE 15: MODIFICATION REGRESSION FILE 

FIGURE 16: LIGHTLOG CONTROL GUI 
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4.3 Determining the spectral mismatch 

Step 1 

The following equipment is required when measuring with the LightLog photometer: 

 - Spectrometer: Konica Minolta CL-500A (calibrated 2015) 

- LED set-up (Xu, 2016) 

 - Photometer: LightLog 

 - Light source 

Step 2 

First the spectral data of the light source has to be measured with the Konica Minolta CL-500A 

spectrometer. It is best to copy the measured data to an existing file (e.g. “SPD-20160513-single.xls” 

in “C:\...\raw_data\”) which the Matlab script can import. Also rename the file to prevent confusion. 

As it has been established that the illuminance output of the LEDs decreases over time due to input 

power parameters. Consequently one has to wait 300 seconds before measuring in order to achieve 

stable output. This has to be done for each of the 12 colours. 

 

Step 3 

In this research the illuminance output in lux from the LightLog photometer is used as input for the 

LED set-up determining the general spectral mismatch 𝑓1
′. The Matlab script is started by executing 

reg_measure.m (“C:\...\scripts\”). The Raspberry Pi has to be attached for it to work. The outcome will 

be exported to “C:\...\raw_data\”.  

Because the LightLog requires an export procedure (step 2 of 4.2 Illuminance and irradiance) before 

being able to provide the measurement data the Matlab script has to be run twice. Once for measuring 

the data with the LightLog and once for data input for determining the general spectral mismatch. 

 

Step 4 

Execute “measurement_data_importer.m” 

(“C:\...\functions\”) and allocate the correct files 

to the strings (Figure 17). “file_str_lux” is the 

measurement data from step 3, whereas 

“file_str_spd” is the spectral measurement of step 

2. By doing so the LED set-up translates the 

values of the 12 LEDs to spectral data using the regularized broadband filter method. It determines the 

spectral mismatch using Equation 5 and Equation 6. For more information consult the LED set-up user 

manual (Xu, 2016). 

FIGURE 17: FILE ALLOCATION DATA IMPORTER 

MATLAB 
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Step 5 

The output will be shown once the Matlab script is finished. In 

the Matlab Workspace the exact values of the spectral 

mismatches can be found (Figure 18). Matlab Figure 1 plots a 

graphic display of the spectral mismatches such as Figure 11 in 

which the red function projects the true responsivity of the curve, 

the dotted blue function reflects the normalized spectral 

sensitivity and the solid blue function shows the measured 

spectral sensitivity. Matlab Figure 2 displays the measured 

spectral power distribution of the source as measured in step 2. 

Additional remarks regarding the use of the Matlab script 

It is not possible to enter 0’s into the Matlab script as illuminance as it will crash due to dividing by 0. 

If the measured illuminance is 0 it is advised to give in values like 0.01 – 0.05 or similar. Consequently 

the standard deviation that is calculated can not be 0 either. This implicates it is not possible to give in 

any sequence of values that have a standard deviation of 0 as result. In addition it has been determined 

that it is important that input is as accurate as possible. After each data import cycle the script has to 

be closed and the workspaces have to be cleared.  

4.4 α-opic irradiance 

Step 1 

The following equipment is required when measuring α-opic irradiance: 

- Modification program: Microsoft Visual Studio 

- LightLog calibration program: LightLogCalibrate 

- Specbos 1201 spectrophotometer (calibrated 2010) 

- LightLog control program: LightLogControl 

- Photometer: LightLog 

- LED set-up (Xu, 2016) 

 - Light source 

Step 2 

A modification must be made in the source code of the LightLogCalibrate GUI “Regression.cs”: the 

circadian function (𝐸𝑒𝑐) has to be substituted with the desired function. This can be done using 

Microsoft Visual Studio. The range can be adjusted by altering the “e = JETI_SpecRadEx(jetiDevice, 

380, 780, radiances);” string and consequently “for (int i = 0; i < 81; i++)” for the amount of values 

(e.g. 380nm to 780nm in steps of 5nm results in 81 values). 

 

FIGURE 18: MATLAB WORKSPACE  
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Step 3 

Build the new solution (hot key “F6”). The new to be used LightLogCalibrate can be found in “C:\...\ 

bin\Debug\”. 

 

 

Step 4 

A new calibration has to be conducted for the modified function using the new LightLogCalibrate. 

This is similar to 4.1 Calibration.  

 

Step 5 

Identically to 4.2 Illuminance the light source can be measured. This time the 𝐸𝑒𝑐 in W/m² will be the 

irradiance of the light source correlated with the function that has been applied in step 2.  

 

Step 6 

In order to determine the spectral mismatch of the LightLog photometer for each of the α-opic the 

Matlab script of the LED set-up has to be biased towards the used function too. This is done by 

substituting the existing  𝑉(𝜆)-curve (“C:\…\raw data\Vlambda.csv”) with the function that is used in 

step 2. 

 

Step 7 

The measured 𝐸𝑒𝑐 can be used as input in the script identical to 4.3 Determining the spectral mismatch 

to determine the spectral mismatch. The input should be as accurate as possible, e.g. at least 3 

significant figures. 
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5 | CONCLUSIONS 

The inaccuracies of the LightLog have been determined using the performance indicators from the 

DIN 5032 standard. It has to be acknowledged that the LightLog has some serious defects such as the 

large error in terms of spectral mismatch, directional response and linearity (Class D). The findings of 

this research have real implications for the use of the LightLog photometer. The LightLog can be used 

in two ways: 

1. Either do an environment specific calibration with optimal accuracy which can be useful for 

example in a controlled laboratory environment;  

2. Or use a universal calibration in situations where the light scenario is more likely to change.  

It is an understatement that the second can have a significant impact on the performance of the 

LightLog. In addition non-performance aspects are of concern, such as the timestamp often not being 

correct and the unfriendly graphical user interface (GUI) for researchers.  

As far as α-opic compatibility goes it is practically and theoretically possible to modify the LightLog 

in such a way it measures the irradiance for each of the α-opics. This is done by substituting the 

circadian curve of the circadian effective irradiance (𝐸𝑒𝑐) parameter in the source code. All α-opics 

have a Class D spectral mismatch performance (LightLog #36) except for the 𝑓1
′: 𝑁𝑧(𝜆) (melanopic) 

which is Class C for both LightLog #36 and #71. 

Even though the results indicate the LightLog being highly inaccurate it might still be an useful device 

in certain circumstances. Not for measuring precise absolute values but rather for, for example, giving 

an indication or trend of light exposure throughout the day. 

5.1 Future research 

The LightLog can probably be further optimized for α-opic measurement by substituting the RGB 

sensors with more curve specific sensors. Price et al. (2017) have reviewed several sensors and their 

performance per α-opic. It might be interesting to research whether it is possible to integrate such 

sensors in the LightLog for better performance. This could be done using α-opic specific filters. 

Afterwards these should be compared in terms of probabilistic distributions to compare the results with 

other sensors. 

When sticking with the LightLog it is advised to integrate the α-opic functions into the LightLog 

software in order to be able to measure and retrieve data in one go. Now one has to substitute the 

regression file for each of the functions in the LightLogControl library to retrieve the data of a certain 

α-opic, or regression even. In the future it might be feasible to create a database which includes several 

lighting scenarios.  
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A total different aspect might be worth reviewing too: the resemblance of the human eye and the build 

of the LightLog in terms of light perception. Other significant aspects that can be improved are mainly 

considering the usability of the LightLog. The regression measurement is not automated and demands 

manual input (pressing button) which can be annoying in an enclosed measurement set-up. Also the 

timestamp does not seem to be correct all the time and should be fixed. Modifying the LightLogControl 

GUI in such a way that with one click the regression can be chosen would be a charm. This would 

make the LightLog way more usable and would a significant amount of time, especially when 

reviewing multiple functions as is done in this research. 

As far as determining the inaccuracy of a photometer using the LED set-up it might be worth 

investigating if it is necessary to include the announced Illuminant L. Illuminant L is specifically being 

designed for LED lighting scenarios and should be used instead of Illuminant A regarding 𝑓1
′ error 

determination. This is because Illuminant A is relatively biased towards longer wavelengths and is a 

reflection of an incandescent lamp.  



 Eindhoven University of Technology 

 

 

 31 | M.J.J. Willems – Thesis: Investigating the performance and the α-opic compatibility of the LightLog photometer 

 

6 | REFERENCES  

6.1 Literature 

Aarts, MPJ; van Duijnhoven, J; Aries, MBC; Rosemann, A. (2017). Performance of personally worn 

dosimeters to study non-image-forming effects of light: Assessment methods. Submitted to 

Journal. http://doi.org/10.1016/j.buildenv.2017.03.002 

Bailes, H. J., & Lucas, R. J. (2013). Human melanopsin forms a pigment maximally sensitive to blue 

light (λmax ≈ 479 nm) supporting activation of G(q/11) and G(i/o) signalling cascades. 

Proceedings. Biological Sciences / The Royal Society, 280, 20122987. 

http://doi.org/10.1098/rspb.2012.2987 

Berson, D. M., Dunn, F. A., & Takao, M. (2002). Phototransduction By Retinal Ganglion Cells That 

Set The Circadian Clock. Science, 295(5557), 1070–1073. 

http://doi.org/10.1126/science.1067262 

Bierman, A., T.R., K., & MS, R. (2005). The daysimeter: a device for measuring optical radiation as 

a stimuls for the human circadian system. Measurment Science and Technology, 16, 2292–2299. 

Boschman, M. C. (2015). LightLogControl - User Manual, (June), 1–11. 

Brainard GC, Hanifin JP, Greeson JM, Byrne B, Glickman G, Gerner E, et al. Action spectrum for 

melatonin regulation in humans: evidence for a novel circadian photoreceptor. J Neurosci 

2001;21(16):6405–12. 

Brainard GC. Photoreception for regulation of melatonin and the circadian system in humans. In: 

Final Report. The Fifth International LRO Lighting Research Symposium, Light and Human 

Health, November 3–5, 2002. Report No. 1009370. Palo Alto, CA: The Electric Power 

Research Institute; 2004. 

CIE. (2015). Report on the First International Workshop on Circadian and Neurophysiological 

Photometry, 2013, 2015(CIE TN 003:2015). 

Dijk, D.-J., & Archer, S. N. (2009). Light, sleep, and circadian rhythms: Together again. PLoS 

Biology, 7(6), 7–10. http://doi.org/10.1371/journal.pbio.1000145 

DIN, DIN 5032-7:2016e06, Lichtmessung-Teil 7: Klasseneinteilung von Beleuchtungsstarke-und 

Leuchdichtemessgeraten. Entwurf Photometry-Part 7:Classification of illuminance meters and 

luminance meters, 2016. Berlin, Germany. 

Gall, D., Vandal, C., Bieske, K., Schmitdt, A., Herrmann, R., & Blankenhagen, C. (2004). Die 

Ermittlung von Licht- und Farbfeldgrösen zur Bestimmun g der spektrahlen Wirkung des 

Lichtes. Tagung Licht, 1–28. Retrieved from https://www.tu-

ilmenau.de/fileadmin/public/lichttechnik/Publikationen/2004/Farbfeldgroessen.pdf 

Gamlin, P. D. R., McDougal, D. H., Pokorny, J., Smith, V. C., Yau, K. W., & Dacey, D. M. (2007). 

Human and macaque pupil responses driven by melanopsin-containing retinal ganglion cells. 

Vision Research, 47(7), 946–954. http://doi.org/10.1016/j.visres.2006.12.015 



 Eindhoven University of Technology 

 

 

 32 | M.J.J. Willems – Thesis: Investigating the performance and the α-opic compatibility of the LightLog photometer 

 

Hattar, S., Liao, H.-W., Takao, M., Berson, D. M., & Yau, K.-W. (2002). Melanopsin-Containing 

Retinal Ganglion Cells: Architecture, Projections, and Intrinsic Photosensitivity. Science 2002, 

1065–1070. http://doi.org/10.1126/science.1069609.Melanopsin-Containing 

ISO/CIE, ISO/CIE 19476 Characterization of the Performance of Illuminance Meters and Luminance 

Meters, 2014. Vienna, Austria. 

Khademagha, P., Aries, M. B. C., Rosemann, A. L. P., & van Loenen, E. J. (2016). Implementing 

non-image-forming effects of light in the built environment: A review on what we need. 

Building and Environment, 108, 263–272. http://doi.org/10.1016/j.buildenv.2016.08.035 

Lucas, R. J., Peirson, S. N., Berson, D. M., Brown, T. M., Cooper, H. M., Czeisler, C. A., … 

Brainard, G. C. (2014). Measuring and using light in the melanopsin age. Trends in 

Neurosciences, 37(1), 1–9. http://doi.org/10.1016/j.tins.2013.10.004 

Miller, D., Bierman, A., Figueiro, M. G., Schernhammer, E. S., & Rea, M. S. (2010). Ecological 

measurements of light exposure, activity, and circadian disruption in real-world environments. 

Lighting Research and Technology, 42, 271–284. http://doi.org/10.1177/1477153510367977 

Pauley, S. M. (2004). Lighting for the human circadian clock: Recent research indicates that lighting 

has become a public health issue. Medical Hypotheses, 63(4), 588–596. 

http://doi.org/10.1016/j.mehy.2004.03.020 

Price, L., Khazova, M., & O’Hagan, J. (2012). Performance assessment of commercial circadian 

personal exposure devices. Lighting Research and Technology, 44, 17–26. 

http://doi.org/10.1177/1477153511433171 

Price, Lyachev, & Khazova. (2017). Optical performance characterization of light-logging 

actigraphy dosimeters. Optical Society of America, 34(4), 545. http://doi.org/280192 

Provencio, I., Jiang, G., De Grip, W. J., Hayes, W. P., & Rollag, M. D. (1998). Melanopsin: An 

opsin in melanophores, brain, and eye. Proc Natl Acad Sci U S A, 95(1), 340–345. 

http://doi.org/10.1073/pnas.95.1.340 

Rastello, M. L., Premoli, A., & Bonicatto, G. (1996). Regularized broadband filter method for 

spectral responsivity measurements. IEEE Transactions on Instrumentation and Measurement, 

45(1), 22–29. http://doi.org/10.1109/19.481307 

Richardson, W. S., Wilson, M. C., Nishikawa, J., & Hayward, R. S. (1995). The well-built clinical 

question: A key to evidence-based decisions. American College of Physicians Journal Club, 

123(3), A12-13. http://doi.org/00021607-199511000-00027 

Smith, T.; Guild, J. (1931). The CIE colorimetric standards and their use. Transactions of the Optical 

Society, (33.3), 73. 

Taos. (2016). TCS3472 Datasheet. 

Xu, X. (2016). Determination of Spectral Responsivity of Light Detectors by Revised and 

Regularized Broadband Filter Method with LEDs. 

 



 Eindhoven University of Technology 

 

 

 33 | M.J.J. Willems – Thesis: Investigating the performance and the α-opic compatibility of the LightLog photometer 

 

6.2 Figures 

Figure 1: A) Schematic overview of the relevant circuitry in the retina of the human eye. B) The 

conceptualization of the proposed method of measuring light by Lucas et al., 2014. 

Figure 2: spectral sensitivity curves of V(λ) and various C(λ) (Khademagha et al., 2016) 

Figure 3: The LightLog 

Figure 4: Chronical sequence search process 

Figure 5: Relative responsivity of the TAOS TCS34725 sensor (Taos, 2016) 

Figure 6: Illuminance measurement over a period of 300 seconds using the LED set-up 

Figure 7: Effect of altering input voltages on illuminance output over a period of 300 seconds for the 

Amber LEDS 

Figure 8: Influence of removing the LightLog cap and the impact of replacement 

Figure 9: LightLog without cap 

Figure 10: Performance of individual LightLogs using photometer performance indices 

Figure 11: Spectral mismatch for a non-calibrated (left) and calibrated (right) LightLog (#36) 

Figure 12: Results of spectral mismatch without calibration (top left), light source calibration (top 

right) and light source together with device calibration (bottom) 

Figure 13: GUI of the LightLog calibration 

Figure 14: Example of added samples to the regression 

Figure 15: Modification regression file 

Figure 16: LightLog Control  

Figure 17: File allocation data importer Matlab 

Figure 18: Matlab Workspace 

6.3 Tables 

Table 1: PICO approach search terms 

Table 2: Performance indicators according to the DIN 5032 Standard (DIN, 2016) 
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Table 3: Comparison of illuminance output between Hagners and LightLogs 

Table 4: Influence of cap and impact of replacement LightLog 

Table 5: Performance LightLogs for each of the indicators 

Table 6: Spectral mismatch after calibration for the light source 

Table 7: Spectral mismatch for each of the non-visual sensitivity curves 

 

  



 Eindhoven University of Technology 

 

 

 35 | M.J.J. Willems – Thesis: Investigating the performance and the α-opic compatibility of the LightLog photometer 

 

7 | APPENDICES  

Appendix A 

 

 
 
Model Specbos 1201 spectrometer 

Wavelength range 380 to 780nm 

Output wavelength range 1nm 

Wavelength precision ±0.7nm 

Measuring range 20 to 500000lx 

Accuracy luminance ±2% 

Repeatability luminance ±1% 

Operation temperature 10 to 40°C 

Humidity range Less than 85% without condensation 

Last calibration 2010 

Model Hagner E4-X lux meter 

Detector V(λ) filtered and cosine corrected silicon photodiode 

Illuminance meter class Conforms to the requirement for Class AA of JIS C 1609-1:2006 

“Illuminance meters Part 1: General measuring instruments” 

Conforms to DIN 5032 Part 7 Class B 

Measuring range 0.01 to 199990lx in 4 ranges 

Output 0 to 2V in steps of 100μV per displayed unit. Minimum input 

resistance of 1kΩ 

Accuracy (illuminant A) Better than ±3% ±1 in last digit 

Repeatability (illuminant 

A) 

±1 digit 

Operation temperature -5 to 50°C 

Last calibration 2016 

SPECIFICATIONS SPECBOS 1201 

SPECIFICATIONS HAGNER E4-X 
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Model Konica Minolta CL-500A spectrometer 

Illuminance meter class Conforms to the requirement for Class AA of JIS C 1609-1:2006 

“Illuminance meters Part 1: General measuring instruments” 

Conforms to DIN 5032 Part 7 Class B 

Wavelength range 360 to 780nm 

Output wavelength range 1nm 

Wavelength precision ±0.3nm 

Spectral bandwidth Approximately 10nm (half bandwidth) 

Measuring range 0.1 to 100000lx 

Accuracy (illuminant A) ±2% ±1 digit of displayed value 

Repeatability (illuminant A) ±3% ±1 digit 

f1’ quality index (DIN 5032-7) Within 1.5% of V(λ) 

f2 quality index (DIN 5032-7) Within 3.0% 

Measurement time Super-fast mode: approx. 0.2s 

Fast mode: approx. 0.5s 

Slow mode: approx. 2.5s 

Auto mode: 0.5 to 27s 

Operation temperature -10 to 40°C 

Humidity range Less than 85% without condensation 

Last calibration 2015 

Model 

(Prolight LEDs) 

Board no. 

(relay no.) 

Colour Peak 

Wavelength 

Max. Forward 

Current 

View 

angle 

PM2L-3LLE-LC 9 (6) UV 410nm 700mA 

130° 

PM2B-3LDE-SD 11 (5) Royal Blue 460nm 700mA 

PM2B-3LBE-SD 12 (2) Blue 475nm 700mA 

PM2B-3LCE-SD 7 (1) Cyan 515nm 700mA 

PM2B-3LGE-SD 4 (7) Green 535nm 700mA 

PM2B-1LPE-Y 8 (3) Yellow 571nm 350mA 

PM2B-3LAE-SD 5 (8) Amber 597nm 700mA 

PM2B-3LRE-SD 2 (9) Red 631nm 700mA 

PM2B-1LME 6 (10) Crimson 670nm 350mA 

PM2B-3LEE-SD 10 (4) Cherry Red 740nm 700mA 

PM2B-3LWE-SD 1 (12) Cold White  700mA 

PM2B-3LVE-R95 3 (11) Warm White  700mA 

SPECIFICATIONS KONICA MINOLTA CL-500A 

SPECIFICATIONS PROLIGHT LEDS 
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Appendix B 

 

 

 

DECREASING ILLUMINANCE AND SHIFTING WAVELENGTH LEDS  
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Appendix C 

 

 

Appendix D 

 

 

  

(re)placement / Device LL36 LL71 LL72 LL77 LL78 LL79 Δ LLs 

#1 [lx] 1155 1153 1128 981 1222 990 25% 

#2 [lx] 483 664 558 431 568 415 60% 

#3 [lx] 476 641 555 437 563 403 59% 

#4 [lx] 487 651 562 417 560 399 63% 

#5 [lx] 477 650 549 428 560 407 60% 

#6 [lx] 482 646 534 422 561 412 57% 

INFLUENCE INPUT POWER PARAMETERS LEDS  

ABSOLUTE VALUES MEASUREMENTS CAP AND REPLACEMENTS 
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Appendix E 

 

 

Appendix F 

 

 

SPRING SUMMER 

SPECTRAL RESPONSIVITY CURVES PHOTORECEPTORS AND PHOTOPIC VISION 

EQUINOX SUNPOSITION CHARTS EINDHOVEN 



 Eindhoven University of Technology 

 

 

 40 | M.J.J. Willems – Thesis: Investigating the performance and the α-opic compatibility of the LightLog photometer 

 

 

Appendix G 

 

Incidence / 

Logger 

04 

[lx] 

28 

[lx] 

50 

[lx] 

71 

[lx] 

72 

[lx] 

73 

[lx] 

75 

[lx] 

77 

[lx] 

78 

[lx] 

79 

[lx] 

0° 0,0% 0,0% 0,0% 0,0% 0,0% 0,0% 0,0% 0,0% 0,0% 0,0% 

10° 0,2% 1,7% 11,5% 4,7% 0,6% 11,4% 7,7% 0,9% 3,3% 24,1% 

20° 3,0% 11,1% 41,8% 2,8% 29,0% 1,7% 5,1% 1,9% 12,9% 30,3% 

30° 12,7% 46,8% 26,9% 44,8% 57,0% 39,2% 36,4% 40,8% 32,1% 30,4% 

40° 49,8% 47,4% 41,9% 48,9% 56,9% 46,9% 42,3% 49,3% 54,0% 19,0% 

50° 48,3% 47,0% 40,5% 48,6% 57,1% 44,3% 41,7% 50,0% 53,4% 19,8% 

60° 41,6% 41,1% 35,1% 41,8% 50,5% 39,5% 36,6% 44,0% 46,7% 20,2% 

70° 31,6% 32,2% 28,3% 32,7% 39,1% 30,0% 29,0% 34,1% 35,3% 17,2% 

80° 18,9% 19,1% 16,5% 19,0% 22,4% 17,6% 17,2% 19,8% 20,8% 11,8% 

  

AUTUMN WINTER 

SPECTRAL RESPONSIVITY CURVES PHOTORECEPTORS AND PHOTOPIC VISION 
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Appendix H 

 

 
 

 
  

Light source

Calibration Original [lx] Δ [%] Light source [lx] Δ [%] LightLogger [lx] Δ [%]

Hagner calibrated (0315) 927 0% 924 0% 924 -

Hagner not calibrated (0316) 965 4% - - - -

Konica Minolta (2894) 770 17% - - - -

LL36 466 50% 681 26% - -

LL71 597 36% 802 13% 850 8%

LL72 506 45% 759 18% - -

LL77 420 55% 655 29% - -

LL78 537 42% 740 20% - -

LL79 393 58% 638 31% - -

D
ev

ic
e

Warm white

Light source

Calibration Original [lx] Δ [%] Light source [lx] Δ [%] LightLogger [lx] Δ [%]

Hagner calibrated (0315) 1352 0% 1351 0% 1351 -

Hagner not calibrated (0316) 1341 1% - - - -

Konica Minolta (2894) 1107 18% - - - -

LL36 988 27% 991 27% - -

LL71 894 34% 1108 18% 1253 7%

LL72 1028 24% 1140 16% - -

LL77 837 38% 969 28% - -

LL78 1046 23% 1101 19% - -

LL79 811 40% 939 30% - -

D
ev

ic
e

Cold white

ABSOLUTE VALUES MEASUREMENT DATA 
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Appendix I 

 

  

SPECTRAL FIT LIGHTLOG AND NON-VISUAL SENSITIVTY CURVES  
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Appendix J 

 

 

 

 

CHLOROPIC CYANOPIC 

ERYTHROPIC MELANOPIC 

PHOTOPIC RHODOPIC 

COMPARISONS SPECTRAL RESPONSIVITY LIGHTLOG SENSOR, LED SET-UP AND α-OPICS 
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COMPONENTS SET-UP: RASPBERRY PI (TOP LEFT), LEDS (BOTTOM LEFT), INTEGRATING SPHERE (RIGHT) 


